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Abstract. Chickpeas are often grown under receding soil moisture and suffer ~50% yield losses due to drought stress.
The timing of soil water use is considered critical for the efﬁcient use of water under drought and to reduce yield losses.
Therefore the root growth and the soil water uptake of 12 chickpea genotypes known for contrasts in drought and rooting
response were monitored throughout the growth period both under drought and optimal irrigation. Root distribution
reduced in the surface and increased in the deep soil layers below 30 cm in response to drought. Soil water uptake was the
maximum at 45–60 cm soil depth under drought whereas it was the maximum at shallower (15–30 and 30–45 cm) soil
depths when irrigated. The total water uptake under drought was 1-fold less than optimal irrigation. The amount of water
left unused remained the same acrosswatering regimes. All the drought sensitive chickpea genotypes were inferior in root
distribution and soil water uptake but the timing of water uptake varied among drought tolerant genotypes. Superiority in
water uptake in most stages and the total water use determined the best adaptation. The water use at 15–30 cm soil depth
ensured greater uptake from lower depths and the soil water use from 90–120 cm soil was critical for best drought
adaptation. Root length density and the soil water uptake across soil depthswere closely associated except at the surface or
the ultimate soil depths of root presence.
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Introduction
Chickpea (Cicer arietinum L.) is the second most widely grown
pulse after dry (common) bean (Phaseolus vulgaris L.) globally,
with a total production of 14.2million tons from an area of
14.8million ha and a productivity of 0.96 t ha–1 (FAOSTAT
2014). About 90% of world’s chickpea is grown under rainfed
conditions (Kumar and Abbo 2001), where the crop grows and
matures on a progressively depleting soil moisture proﬁle
(Kashiwagi et al. 2013) and generally experiences terminal
drought stress (DS). Drought causes substantial annual yield
losses up to 50% in chickpea, which equals to a loss of US $
900million, and the productivity remained constant for the past
six decades (Ryan 1997;Ahmad et al. 2005;Bantilan et al. 2014).
With the changing climate scenarios and continuous population
explosion, there is a great need to develop high-yielding chickpea
varieties with improved drought tolerance (Evans 1998; Gaur
et al. 2014). Improvements of chickpea yields under DS have
been achieved, mostly by breeding short duration cultivar that
mature before the water deﬁcit becomes too severe (Kumar et al.
1985; Kumar and Rao 2001) with an often observed penalty in
grain yield due to underutilisation of the available growing
season. To overcome this self-imposed penalty, relatively longer
(medium) duration chickpea cultivars have to be improved either
though drought avoidance or tolerance mechanisms (Sabaghpour
et al. 2003).
Given the progressively receding moisture and increasing
temperature at the terminal growth phase of typical chickpea
growing environments, increased rooting depth and root
distribution have been found to provide a signiﬁcant advantage
in yield increase, making the root system an essential part of
drought avoidance (Jordan et al. 1983; Jones and Zur 1984;
Ludlow and Muchow 1990; Silim and Saxena 1993; Kashiwagi
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et al. 2005). Root growth simulation studies have not only
conﬁrmed the importance of deeper root systems and root
proliferation on grain yield across several years and
environments in USA (Sinclair 1994) but also on chickpea
under Iranian conditions (Soltani et al. 1999). The chickpea
simulation studies have also showed that early maturity,
increasing drought avoidance through deep and profuse root
system and higher transpiration efﬁciency were the traits most
likely to result in higher yield under terminal DS (Soltani et al.
2000). At the same time, as experienced in wheat, excessive root
growth early in the growing season can also be counterproductive
for increased yield production by exhausting soil water reserves
before the plant is able to complete its life cycle (Richards and
Passioura 1989). Additionally, the metabolic costs (production
and maintenance of tissues, measured in units of carbon) of soil
exploration by root systems are substantial, and can exceed 50%
of daily photosynthesis (Lambers et al. 2002). The timing of
enhanced root growth was also shown to be critical for drought
tolerance. Greater soil water extraction at the reproductive stages,
but not the overall root biomass (determined by minirhizotron
evaluations),was shown tobe important for yield formationunder
DS (Zaman-Allah et al. 2011). Therefore, these controversial
views on the decisive association of large and deep root system
with the grain yield under DS needs to be settled by generating
more details on the root distribution, soil water use and the plant
biomass productivity under DS. The debate on this association is
strongly inﬂuenced by the wide ﬂuctuations in water availability
and root turnover under DS (Cutforth et al. 2013).
Efﬁcient water uptake ability was found to be essential for
yield improvement (Fischer et al. 1998;Blum2009;Wasson et al.
2012) and this efﬁciency is recognised to rely on the size and
activity of the root system (Gregory 1994; Gowda et al. 2012).
Timely and enhanced soil water uptake by equally large root
systems seems to be one of the most promising approaches for
enhancing drought tolerance in legumes and this association
was documented in many studies (Kamoshita et al. 2000;
Okada et al. 2002; Kashiwagi et al. 2006, 2015; Bernier et al.
2009; Bandyopadhyay 2014). However, there are other studies
that contradict this view on the basis of root system sufﬁciency,
soil water environments and on the timings of soil water uptake.
Moreover, the association between root proliferation and soil
water uptake can be fundamental to prove that yield losses
mainly rely on soil water availability. Thus to provide a
comprehensive understanding of the contribution of roots to
grain yield, it is critical to link this association through the soil
water utilisation. Therefore, the objectives of this study were
to (i) assess the extent of root distribution and soil water uptake
across soil depths and crop growth stages under water deﬁcit
and ﬁeld capacity conditions; and (ii) relate this information
with the known drought reactions of diverse chickpea genotypes.
Materials and methods
Plant material and crop management
Twelve chickpea genotypes viz., ICC 4958, ICC 8261, ICC 867,
ICC 3325, ICC 14778, ICC 14799, ICC 1882, ICC 283, ICC
3776, ICC 7184, Annigeri, and ICCV 10 with close phenology
but good contrasts for root development, drought response and
canopy temperature depressions were chosen for this study
and were ﬁeld-evaluated on a Vertisol (ﬁne montmorillonitic
isohyperthermic typic pallustert) during the post-rainy season,
in 2009–10 and 2010–11, at ICRISAT, Patancheru (17300 N,
78160E; altitude 549m) in peninsular India. The water
holding capacity of this ﬁeld in lower limit: upper limit was
0.26 : 0.40 cm3 cm–3 for the 0–15 cm soil layer, and
0.30 : 0.47 cm3 cm–3 for the 105–120 cm soil layer. The
available soil water up to 120 cm depth observed in this study
was 216mm in 2009–10 and 207mm in 2010–11. The bulk
densitywas1.35 g cm–3 for the 0–15 cmsoil layer and1.42 g cm–3
for the 105–120 cm soil layer (El-Swaify et al. 1985). The ﬁeld
used was solarised using polythene mulch during the preceding
summer primarily to protect the crop from wilt causing fungi
Fusarium oxysporum f. sp, among other beneﬁts and damages
(Chauhan et al. 1988).
The ﬁelds were prepared in to broad bed and furrows with
1.2m wide beds ﬂanked by 0.3m furrows. Surface application
and incorporation of 18 kgN ha–1 and 20 kg P ha–1 as di-
ammonium phosphate were carried out. The experiment was
conducted in a randomised complete block design (RCBD)
with three replications. Seeds were treated with 0.5% Benlate
(EI DuPont India Ltd) + Thiram (Sudhama Chemicals Pvt. Ltd)
mixture for both 2009–10 and 2010–11 seasons. The seeds were
hand-sown manually at a depth of 2–3 cm maintaining a row to
rowdistanceof 30 cmandaplant toplant distanceof 10 cmwith in
rows with a row length of 4m on 31 October 2009 and 20
November 2010. About 82 seeds were used for each 4m row
and at 10 days after sowing (DAS) the plants were thinned
maintaining a plant-to-plant spacing of 10 cm. A 20mm
irrigation through sprinklers was applied immediately after
sowing to ensure uniform seedling emergence. Subsequently,
plants were grown under rainfed condition to impose terminal DS
and irrigated once in 15–20 days as an optimally irrigated (OI)
treatment. The plots were kept weed free by hand weeding and
intensive protection were taken against pod borer (Helicoverpa
armigera).
Root sample extraction and processing
Steel soil core tubes (50mm in diameter) were used to collect
soil + root sample up to 120 cm at a time interval of every
10 days from mid-vegetative period of crop growth. Each
samples comprised of two or three cores and all these cores
were pooled depth-wise to increase the sample size. The
extracted soil core was separated in to subcores of 15 cm
each having eight subcores out of 120 cm. The soil sample
containing roots were soaked in water overnight, soil was
mixed with tap water to form a suspension, and the roots were
recovered by passing the soil-water suspension through a 2mm
wire mesh sieve. Chickpea roots were then separated from the
organic debris and weed roots manually by ﬂoating the sample
material on water in trays. Recovered roots were suspended
in a transparent tray with 2–3mm ﬁlm of water for easy
dispersion of roots and scanned using a scanner. Total root
length of each sample was measured using the image analysis
system (WinRhizo, Regent Instruments Inc.). The roots were
kept for oven drying at 70C for 72 h (to constant weight). Root
dry weight (RDW in gm–3) was estimated for each depth or
for total depth separately. A total of ultimate two soil depths
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(15 + 15 cm) RDWs were considered as deep RDW. Root
length density (RLD) was estimated as cm cm–3 of soil from
the root length (RL) of the subcore as root length (cm) per
volume of soil core (cm3).
Soil moisture measurement
The TRIME-soil moisture probe was used to measure the
available soil moisture content in the ﬁeld. TRIME access
tubes, with a depth of 150 cm and an inner diameter of 4.2 cm
(0.1 cm wall-thickness), were installed in each plot. TRIME-FM
(IMKO) instrument connected with a cylindrical 18 cm long
probe that can access the entire depth of access tube measures
and directly converts measured transit-times in terms of soil
water-contents displayed on its front panel. These measurements
were taken in both the OI and DS. The amount of soil moisture
(in volumetric terms) at each 15 cm depth interval was recorded
up to 120 cm. There were 36 access tubes each under DS and OI
conditions in which both TRIME TDR observations and the
manual gravimetic soil moistures were measured separately for
establishing the soil depth-wise calibration curves. The TDR
soil moisture observations were corrected using the correction
factor speciﬁc to soil depth and season. Moisture content of the
surface soil (0–15 cm) was measured only through gravimetry.
When required the soil water held in each soil horizon of 15 cm
depth was summed up to 1.2m.
Crop utilised soil water, from the root inhabited soil layers,
was calculated as follows:
ASWS ¼ ðAWSSD1  LLÞ þ ðAWSSD2  LLÞ
þ . . . ðAWSSDn  LLÞ;
ð1Þ
where ASWS is available soil water at sowing, ASWS D1 is
available soilwater at sowing in soil depth1 (0–15 cm),ASWSD2
is available soil water at sowing in soil depth 2 (15–30 cm),
ASWSDn is available soil water at sowing in soil depth n and LL
is the lower limit for plant uptake:
CUSW ¼ ðASWS ASWBI1Þ þ ðASWAI1  ASWBI2Þ
þ . . . ðASWAIn  ASWmÞ; ð2Þ
whereCUSW is crop utilised soil water (mm), ASWS is available
soil water at sowing (mm), ASWBI1 is available soil water
before the ﬁrst irrigation or rain, ASWAI1 is available soil
water immediately after the ﬁrst irrigation or rain, ASWBI2 is
available soil water before the second irrigation or rain, ASWAIn
is available soil water before the nth irrigation or rain and
ASWm is available soil water at crop maturity.
Statistical analysis
The replication-wise data on phenotypic traits observed at
different crop growth stages in 2009–10 and 2010–11 were
subjected to statistical analysis using one way ANOVA.
Signiﬁcance of means was estimated through F value for each
trait. The means derived from the ANOVA were used for
correlations, regressions using GENSTAT software (12th edn)
and path coefﬁcient analysis using MINITAB Release 14.1
software. Variance components due to genotypes (s2 g) and
error (s2e) and their standard errors were determined. Here, the
replication was treated as a ﬁxed effect and the genotype
(G)DAS (D) treatment (T) year (Y) interaction as
random. The variance due to (G) (s2 g) and GDTY
interaction (s2gdty) and their s.e. were determined. Broad sense
heritability (h2b) was estimated as h
2
b =s2 g/(s2g + (s2e/r)) where
r was the number of replications (Lush 1940; Searle 1961).
Results
Weather pattern
In both the years, the rain received before the cropping seasonwas
>850mm, well distributed and more than enough to ensure
complete charging of the soil proﬁle. Rains during cropping
summed to 44mm during 9 to 19 DAS in 2009–10 and
12.6mm during 19 to 22 DAS in 2010–11 that delayed the
onset of drought but the terminal DS did built up (data not
shown). There was another rain (39mm) at 75 DAS during
2009–10, but at this stage under DS the early or medium
maturing accessions had already crossed the stage of
responsiveness. Overall, the minimum temperatures were
higher, particularly during the critical third and fourth week of
December, and maximum temperatures were lower during
2009–10 (Fig. 1). Relatively cooler minimum temperatures
and maximum temperatures at vegetative period were
observed in 2010–11. The cumulative evaporation was
relatively higher during 2009–10 cropping season than the
subsequent year, except during the reproductive period in
2010–11, inﬂuenced by the higher vapour pressure deﬁcit (VPD).
Genetic variation in root length density and crop utilised
soil moisture
There was a large range of genotypic variation in RLD and crop
utilised soil moisture (CUSM), measured at different growth
stages, in both drought treatments and years. In comparison to
DS in 2009–10, the RLD (trial mean) was high under OI only in
the surface soil depths. However, the RLD of mid- and deeper
soil layers were higher under DS except at 90 DAS in 2010–11
compared with OI. Trial mean of CUSM was higher under OI
across growth stages and years with very few exceptions
(Tables 1, 2 and Tables S1, S2, available as Supplementary
Material to this paper). The genotypeDAS, genotype
DAS treatment (drought), genotypeDAS treatment
(drought) year (environment) interactions were statistically
signiﬁcant for RLD and CUSM across different stages of crop
growth with very few exceptions (Table S3).
The severity of DS was relatively high in 2010–11 compared
with2009–10due to the rainfall occurrenceduring theexperiment
(Fig. 1). Across growth stages, drought treatment and years,
highest range of genetic variation for RLD (difference between
the ranges) was observed at the surface soil layers followed by
penultimate soil depths except at the 90 DAS measurement in
2010–11 (Tables 1, 2). The trial mean of RLDwas found to be the
highest at the surface soil layer across growth stages in both
drought treatments andyears (Tables 1, 2, S1,S2).Among the soil
depths, the extensive increase (fromone crop stage to other stage)
in RLD was found to be occurring at the distal roots under DS
whereas it occurred at the surface and mid-soil layer under OI
(data not shown). Genotypes varied signiﬁcantly (P =>0.001),
forRLDmeasured across growth stages anddrought treatments in
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both the years. The heritability of RLD was high across growth
stages, drought treatments and years. Under DS, the range of
heritability for RLD in 2009–10 was 0.225 to 0.917, 0.498 to
0.913 and 0.628 to 0.972 for 35, 50 and 80 DAS, respectively.
Similarly, in 2010–11 itwas 0.901 to 0.977, 0.621 to 0.848, 0.607
to 0.859, 0.618 to 0.910, 0.563 to 0.876 and 0.632 to 0.913 for 35,
45, 55, 65, 75 and 90 DAS respectively (Tables 1, 2).
The highest range of variation among genotypes for CUSM
was observed at the penultimate soil depths across growth stages
under DS and at the mid soil depths under OI particularly at
30–45 cm in both 2009–10 and 2010–11 (data not shown). The
trialmean ofCUSMwas the highest at the surface soil layers at 35
DAS. And with the increase in crop growth stage, it was found to
be the highest at the soil depth 45–60 cm during the reproductive
stage across drought treatment and years (Tables 1, 2, S1, S2).
Among the soil depths, the extensive soil moisture uptake had
occurred at thepenultimate todistal rootingzone soil depthsunder
DS whereas at the mid-soil layer (30–60 cm) under OI (data not
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Fig. 1. Weather during the crop growing seasons (November to March) of 2009–10 and
2010–11.
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shown). The variation among the genotypes (s2 g (a level)) for
CUSM was poor for all the soil depths at 35 DAS and such
variation became highly signiﬁcant from the ﬂowering stage of
crop growth onwards except for the surface soil layer in both
the drought treatments and years (Tables 1, 2, S1, S2). The
heritability of RLD was largely low to moderate across growth
stages under both drought treatments and years. Under DS, the
range of heritability for CUSM in 2009–10 was 0.174–0.380,
0.129–0.699 and 0.281–0.822 for 35, 50 and 80 DAS
respectively. Similarly, in 2010–11 it was 0.012–0.289,
0.093–0.299, 0.126–0.437, 0.137–0.627, 0.092–0.629 and
0.035–0.696 for 35, 45, 55, 65, 75 and 90 DAS respectively.
Association of RLD with CUSM
Comparedwith OI, all the genotypes produced higher RLD at the
penultimate soil layers as a response of DS except at 35 DAS and
also theRLDvaried fromonegenotype to other extensively under
DS (data not shown). The mean CUSM at the ﬁnal stage of crop
growth was found to be about 1-fold less under DS (Table 3).
In both the years under both drought treatments, the linear
regression between the roots (RLD) present in any soil zone
and the amount of soil water utilised (CUSM) from that zone
was found to be signiﬁcantly positive explaining a major part
of the CUSM variation in all the samplings and across crop
growth stages except at the surface soil layers or the freshly roots
descended soil zones with a few exceptions in the year 2009–10
(Figs 2, 3 and Figs S1 and S2, available as Supplementary
Material to this paper). These associations between RLD and
CUSMwere the closest inmost active soil water absorption zones
such as 0–15 cm at 35DAS, 75–90 cm at 50DAS and 60–75 at 80
DAS under DS in 2009–10 and, 30–45 cm at 35 DAS, 45–60 cm
at 45 and 55 DAS, 75–90 cm at 65 DAS, 60–75 cm at 75 DAS in
2010–11 (Figs 2, 3). None of the soil depths have shown any
signiﬁcant relationship between RLD and CUSM at 90 DAS in
2010–11, as most of the genotypes had attained maturity and the
root activity ceased.
Under OI, the closest association between RLD and CUSM
was found to occur in 0–15 cm soil depth at 35 DAS, 30–45 cm at
50 DAS and 90–105 at 80 DAS in 2009–10 and 15–30 cm at 35
DAS, 60–75 cm at 45DAS, 30–45 cm at 55DAS, 45–60 cm at 65
DAS, 105–120 cm at 75 DAS and 75–90 cm at 90 DAS in
2010–11 (Figs S1, S2).
Growth stage, soil depths and genotypes interactions
in soil water uptake
The soil water uptake is a continuous process and the rate of
uptakewoulddiffer fromone soil depth to the other, dependingon
various parameters such as root distribution, soil water
availability and plant age. In 2009–10 under DS, the average
CUSM between 36 and 50 DASwas comparatively high from 15
to 60 cm soil depths and was found to be the maximum at
15–30 cm (5.0mm) and 45–60 cm soil depths (4.9mm)
(Fig. 4a). At this stage, the most active or maximum water
mining soil zones of the genotypes varied (data not shown).
From the 15–30 cm soil depth, the drought tolerant genotype ICC
14799 (5.92mm), the highly drought tolerant genotype ICC 867
(5.81mm) and the widely adapted variety ICCV 10 (5.81mm)
extracted the maximum soil water (Table 4), whereas, the large
rooting drought tolerant genotype ICC 4958 extracted 5.97mm
from 60–75 cm soil depth and 3.49mm from the 75–90 cm soil
Table 1. Trial means and analysis of variance of root length density and crop utilised soil moisture of 12 diverse genotypes of chickpea at different soil
depths and days after sowing (DAS) under drought stress in a Vertisol during 2009–10 post-rainy season
Signiﬁcant differences (at a level) are indicated: *, P < 0.05; **, P < 0.01; ***, P < 0.001; n.s., not signiﬁcant (P > 0.05)
Sampling time/ Root length density Crop utilised soil moisture
treatment Trial
mean
Range of
means
s.e.d. s2 g
(a level)
Heritability
(h2b)
Trial
mean
Range of
means
s.e.d. s2 g
(a level)
Heritability
(h2b)
35 DAS
0–15 0.307 0.240–0.397 0.014 34.2 (***) 0.917 15.6 15.3–16.0 0.498 0.400 (n.s.) 0.248
15–30 0.251 0.189–0.303 0.014 10.6 (***) 0.762 12.4 11.9–12.7 0.552 0.370 (n.s.) 0.266
30–45 0.161 0.132–0.180 0.016 1.87 (n.s.) 0.225 8.79 6.80–9.93 0.971 1.63 (n.s.) 0.174
45–60 0.075 0.000–0.214 0.012 69.5 (***) 0.958 6.38 3.29–7.79 1.030 2.840 (*) 0.380
50 DAS
0–15 0.573 0.466–0.750 0.022 32.4 (***) 0.913 20.4 20.1–21.0 0.252 2.10 (n.s.) 0.269
15–30 0.546 0.480–0.608 0.020 11.9 (***) 0.785 17.4 16.7–18.3 0.399 3.64 (**) 0.468
30–45 0.390 0.307–0.459 0.017 21.8 (***) 0.874 12.9 12.2–13.7 0.509 1.44 (n.s.) 0.129
45–60 0.384 0.266–0.450 0.021 17.1 (***) 0.843 11.2 9.27–12.2 0.491 7.97 (***) 0.699
60–75 0.218 0.164–0.311 0.021 7.63 (***) 0.688 7.21 4.98–10.5 0.754 6.16 (***) 0.632
75–90 0.094 0.044–0.144 0.021 3.98 (**) 0.498 3.19 1.93–5.46 0.629 4.81 (***) 0.559
80 DAS
0–15 0.459 0.332–0.636 0.015 78.7 (***) 0.963 19.2 17.6–19.9 0.330 12.2 (***) 0.789
15–30 0.287 0.206–0.362 0.015 24.9 (***) 0.888 19.3 18.6–19.8 0.214 5.54 (***) 0.602
30–45 0.230 0.180–0.284 0.015 7.57 (***) 0.687 21.7 21.5–22.1 0.516 0.340 (n.s.) 0.281
45–60 0.242 0.194–0.287 0.014 9.41 (***) 0.737 21.7 21.1–22.2 0.335 2.36 (*) 0.312
60–75 0.235 0.190–0.265 0.014 6.07 (***) 0.628 18.7 17.5–19.5 0.452 3.91(**) 0.493
75–90 0.277 0.187–0.346 0.014 24.6 (***) 0.887 13.1 11.4–14.2 0.522 6.51 (***) 0.647
90–105 0.274 0.091–0.479 0.014 106.3 (***) 0.972 8.87 7.74–10.1 0.499 5.89 (***) 0.620
105–120 0.179 0.094–0.320 0.014 51.6 (***) 0.944 3.39 1.06–5.48 0.490 14.9 (***) 0.822
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depths (Table 4). Similarly, the highly drought tolerant
genotype ICC 14778 extracted 4.90mm from 60–75 cm and
3.44mm from 75–90 cm soil depths. The water uptake of
highly drought sensitive genotype ICC 3776 was consistently
lower in all soil depths. The small rooting genotypes ICC 283
extracted 5.40mm at 30–45 cm soil depth, the locally adapted
variety Annigeri extracted 6.06mm and the small rooting
genotype ICC1882 extracted 5.99mm from45–60 cm soilwater.
The average CUSM during the reproductive crop growth
period, 51 to 80 DAS, was comparatively high in soil depths
45 – 90 cmandwas found to bemaximumat 60–75 cm (11.5mm)
followed by the immediately adjacent soil depths (Fig. 4b;
Table 4). At this stage, CUSM from the 0–15 cm soil layer
was negative due the rainfall occurred during that period
(Fig. 1). Excepting the surface soil layer, the average CUSM
from the soil layer 15–30 cm was the lowest (1.89mm) as soil
Table 2. Trial means and analysis of variance of root length density and crop utilised soil moisture of 12 diverse genotypes of chickpea at different
soil depths and days after sowing (DAS) under drought stress in a Vertisol during 2010–11 post-rainy season
Signiﬁcant differences (at a level) are indicated: *, P < 0.05; **, P < 0.01; ***, P < 0.001; n.s., not signiﬁcant (P > 0.05). DAS, days after sowing
Sampling time/ Root length density Crop utilised soil moisture
treatment Trial
mean
Range of
means
s.e.d. s2 g
(a level)
Heritability
(h2b)
Trial
mean
Range of
means
s.e.d. s2 g
(a level)
Heritability
(h2b)
35 DAS
0–15 0.392 0.190–0.578 0.016 128.0 (***) 0.977 8.42 6.94–9.72 1.22 1.04 (n.s.) 0.012
15–30 0.130 0.079–0.176 0.010 28.2 (***) 0.901 5.29 3.65–6.41 2.00 0.330 (n.s.) 0.289
30–45 0.053 0.006–0.075 0.007 23.3 (***) 0.881 5.16 2.84–7.21 1.96 0.940 (n.s.) 0.020
45–60 0.017 0.000–0.064 0.004 80.4 (***) 0.964 7.66 5.43–10.4 2.14 0.910 (n.s.) 0.031
45 DAS
0–15 0.591 0.451–0.731 0.043 9.06 (***) 0.729 11.6 10.9–12.0 0.406 1.31 (n.s.) 0.093
15–30 0.259 0.209–0.287 0.010 17.8 (***) 0.848 11.1 7.8–12.8 0.978 4.16 (**) 0.513
30–45 0.194 0.124–0.254 0.021 6.72 (***) 0.656 8.69 4.79–11.3 1.67 2.28 (*) 0.299
45–60 0.153 0.092–0.230 0.020 7.83 (***) 0.695 9.70 6.53–13.1 2.08 1.33 (n.s.) 0.100
60–75 0.057 0.023–0.095 0.015 5.91 (***) 0.621 3.30 1.85–4.41 1.99 0.360 (n.s.) 0.269
55 DAS
0–15 0.530 0.362–0.660 0.038 12.4 (***) 0.791 11.8 11.5–12.0 0.255 0.660 (n.s.) 0.126
15–30 0.255 0.179–0.305 0.017 12.2 (***) 0.789 13.7 10.7–15.2 1.28 2.11 (n.s.) 0.269
30–45 0.288 0.195–0.371 0.023 12.0 (***) 0.785 12.6 9.21–14.2 1.06 3.33 (**) 0.437
45–60 0.213 0.127–0.283 0.026 5.63 (***) 0.607 13.0 9.51–15.2 1.65 1.93 (n.s.) 0.237
60–75 0.222 0.090–0.402 0.026 19.3 (***) 0.859 5.90 2.14–10.1 1.89 2.75 (*) 0.368
75–90 0.085 0.021–0.136 0.018 10.6 (***) 0.763 4.71 2.21–8.78 1.93 1.92 (n.s.) 0.235
65 DAS
0–15 0.758 0.576–0.896 0.024 31.3 (***) 0.910 11.8 11.1–12.0 0.302 1.48 (n.s.) 0.137
15–30 0.352 0.297–0.471 0.033 4.19 (**) 0.515 14.2 11.7–16.0 1.25 2.33 (*) 0.308
30–45 0.328 0.225–0.374 0.027 5.86 (***) 0.618 14.0 11.3–17.0 1.27 4.67 (**) 0.550
45–60 0.314 0.199–0.432 0.029 10.1 (***) 0.753 17.1 14.6–19.3 1.21 4.7 (***) 0.552
60–75 0.311 0.155–0.398 0.034 8.43 (***) 0.712 11.2 5.91–14.6 1.54 6.04 (***) 0.627
75–90 0.247 0.095–0.341 0.027 12.8 (***) 0.798 8.15 3.99–13.0 1.94 2.77 (*) 0.371
90–105 0.153 0.063–0.261 0.022 19.3 (***) 0.859 7.38 4.12–10.5 2.19 1.56 (n.s.) 0.158
75 DAS
0–15 0.797 0.644–0.980 0.040 12.3 (***) 0.790 11.9 11.7–12.0 0.168 0.750 (n.s.) 0.092
15–30 0.351 0.271–0.423 0.031 4.96 (***) 0.569 14.8 11.9–15.8 1.11 2.19 (n.s.) 0.283
30–45 0.459 0.401–0.544 0.028 4.87 (***) 0.563 14.9 12.3–16.9 1.48 2.36 (*) 0.313
45–60 0.399 0.283–0.479 0.023 12.3 (***) 0.790 17.9 14.9–19.4 0.932 5.59 (***) 0.605
60–75 0.406 0.256–0.509 0.028 14.8 (***) 0.821 13.9 10.6–16.8 1.44 3.74 (**) 0.477
75–90 0.363 0.187–0.468 0.031 16.4 (***) 0.837 11.9 8.67–15.6 1.56 4.25 (**) 0.520
90–105 0.282 0.191–0.479 0.026 22.1 (***) 0.876 10.6 5.75–13.5 1.22 6.08 (***) 0.629
105–120 0.164 0.094–0.252 0.023 10.6 (***) 0.762 10.9 6.23–13.8 1.89 3.57 (**) 0.461
90 DAS
0–15 0.516 0.314–0.694 0.029 32.5 (***) 0.913 11.8 11.5–12.0 0.252 0.900 (n.s.) 0.035
15–30 0.177 0.092–0.280 0.030 11.0 (***) 0.770 15.1 11.7–16.5 1.22 2.44 (*) 0.324
30–45 0.206 0.154–0.341 0.024 9.10 (***) 0.730 14.9 12.3–17.3 0.922 7.43 (***) 0.682
45–60 0.148 0.061–0.258 0.027 8.10 (***) 0.703 18.1 15.8–21.6 1.09 5.77 (***) 0.614
60–75 0.198 0.119–0.281 0.024 8.37 (***) 0.711 13.5 10.2–16.0 1.62 2.74 (*) 0.367
75–90 0.116 0.068–0.231 0.025 7.80 (***) 0.694 13.1 10.0–15.5 1.03 4.88 (***) 0.564
90–105 0.131 0.066–0.208 0.026 6.15 (***) 0.632 12.7 10.1–15.1 0.849 7.87 (***) 0.696
105–120 0.066 0.008–0.139 0.023 7.30 (***) 0.678 12.8 6.91–15.4 1.87 3.25 (*) 0.428
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water from this depth was already utilised in the vegetative
phase of crop growth (Fig. 4b; Table 4). The CUSM of the
small rooting genotype ICC 1882 was maximum (12.2mm)
from the 45–60 cm soil depth with the maintenance of a
moderate level of soil water uptake from deeper soil layers
(Table 4). When the soil water uptake from the penultimate
soil layers alone (90–120 cm) was considered, the drought
tolerant ICC 867 and ICC 14799 and the best adapted
Annigeri and ICCV 10 had used above average quantities and,
the drought sensitive genotype ICC 7184 and the large rooting
drought tolerant genotype ICC 4958 had used below average
quantities of soil water extraction.
The active soil water mining zones continued to descend with
the advance in growth stages. Under DS in 2010–11, the average
soil moisture uptake during various growth phases such as 35 to
45, 46 to 55, 56 to 65, 66 to 75 and 76 to 90 DASwas found to be
the maximum in 15–30, 30–45, 60–75, 75–90 and 90–105 cm
soil depths, respectively (Fig. 4c–g). Awide genotypic difference
for CUSM was found during the growth phase of 56–65 DAS
(8.56mm) followed by 66–75 DAS (7.88mm) as also these were
the maximum water extracting soil zones across growth stages.
The soil water uptake between 35 to 45 DAS was the
maximum at the soil depth 15–30 followed by 30–45 cm soil
depths (Fig. 4c). At this stage the maximum rooting depth was
found to be 75 cm. Except the small rooting (ICC 283 and ICC
1882) and the drought sensitive (ICC 7184 and ICC 3776)
genotypes, the CUSM of the remaining (drought tolerant and
adapted) genotypes were above average in soil water uptake at
the soil depth 15–30 cm and the drought tolerant genotype ICC
14799 was found to be highest in CUSM (7.04mm) (Table 5).
The same type of soil water extraction behaviour was also
observed at the subsequent soil depth 30–45 cm. Moreover,
ICC 4958 and ICC 8261 were found to be superior in soil
water extraction across soil depths at this growth stage (Table 5).
Table 3. Total crop utilised soil moisture (TCUSM) of 12 diverse
chickpea genotypes measured during its life cycle both under drought
stress and optimal irrigation in a Vertisol during 2009–10 and 2010–11
post-rainy season
DAS, days after sowing
Genotypes TCUSM at 80 DAS
2009–10
TCUSM at 90 DAS
2010–11
Drought
stress
Optimal
irrigation
Drought
stress
Optimal
irrigation
ICC 4958 121.7 240.6 101.1 197.7
ICC 8261 122.8 241.9 101.2 207.3
ICC 867 129.3 250.9 99.3 222.8
ICC 3325 125.0 241.5 115.5 229.1
ICC 14778 127.1 247.7 116.9 189.9
ICC 14799 129.8 248.3 118.0 215.3
ICC 1882 124.8 223.3 117.6 192.4
ICC 283 127.2 241.3 119.7 217.7
ICC 3776 125.1 220.4 108.9 180.7
ICC 7184 121.3 217.1 97.0 187.7
Annigeri 126.7 243.4 122.7 190.6
ICCV 10 130.9 249.7 125.5 218.1
Mean 126.0 238.9 112.0 204.1
s.e.d. (±) 0.540 1.96 3.54 12.4
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During 46 to 55 DAS, the maximum rooting depth was
found to be 90 cm and the average soil water extraction was
found maximum at 30–45 cm soil depth followed by 45–60 cm
(Fig. 4d; Table 5). At this stage, the drought tolerant genotype
ICC 14778 and both the small rooting genotypes (ICC 283
and ICC 1882) were found to be above average in CUSM
compared with the remaining genotypes at the soil depth
30–45 (Table 5). At the same time, the genotypes which are
stated to be low in CUSM at 30–45 soil depth were found to
extract greater amounts of soil water at the 75–90 cm soil
layer resulting in a high CUSM at this growth stage. The
highly drought sensitive genotypes (ICC 7184 and ICC 3776)
were found to be below average across all soil depths
(Table 5).
During 56 to 65 DAS, the maximum rooting depth was found
to be 105 cm and the average soil water extraction was found
maximum at 60–75 cm soil depth followed by 45–60 and
75–90 cm (Fig. 4e; Table 5). At this stage, the genotypic
differences in CUSM at 60–75 cm soil depth was high
compared with the other maximum soil water extracting soil
depths at various DASmeasurements. At this stage the soil water
uptake from the surface soil depths, 0–15 and 15–30 cm, had
become nearly 0mm indicating the absence of available soil
water to the crops. The widely adapted genotype ICCV 10
(8.95mm) and the highly drought tolerant genotype ICC
14778 (8.70mm) extracted the highest soil water at 60–75 cm
soil depth (Table 5). At the same time, the genotype ICC 4958
extracted the lowest soil water (0.38mm) followed by the
drought sensitive genotype ICC 3776 (3.07mm). Moreover,
majority of the drought tolerant and adapted genotypes had
exhibited above average soil water extraction at the deepest
soil layer (90–105 cm) at this growth stage (Table 5).
During 66 to 75DAS, themaximumrooting depthwas 120 cm
and the average soil water extraction was found to be maximum
at 75–90 cm soil depth followed by 90–105 and 105–120 cm
depths (Fig. 4f; Table 5). At this stage, the genotypic differences
for the CUSM at 75–90 cm soil depth was maintained similar as
observed in the previous measurement (56–65 DAS) (Fig. 4e;
Table 5). The soil water uptake from surface soil depths 0–60
had become <1mm. The highly drought tolerant genotype ICC
14778 extracted the highest soil water (8.14mm) followed by the
widely adapted genotype ICCV 10 (5.52mm) at 75–90 cm soil
depth (Table 5). At the same time, the highly drought tolerant
genotype ICC 867 extracted the lowest soil water (0.26mm)
followed by the drought tolerant genotype ICC 14799 (0.99mm)
more due to soil water exhaustion in this soil layer. There was a
clear cut discrimination of genotypes observed for soil water
uptake at the deepest soil layer (105–120) as both the highly
drought sensitive genotypes (ICC 3776 and ICC 7184) were
belowaverage in soilwater extraction and the genotype ICC8261
was observed as the lowest (0.80mm). The rest of the genotypes
were found to be above average in soil water extraction at this
growth stage (Table 5).
During 76 to 90 DAS, the maximum rooting depth was
deeper than 120 cm and the average soil water extraction was
maximal at 90–105 cm soil depth followed by the two adjacent
(105–120 and 75–90 cm) soil depths (Fig. 4g). The soil water
uptake of surface soil depths 0–75 cm had become <1mm. The
drought tolerant genotype ICC 3325 extracted the highest soil
water (4.43mm) and the genotype ICC 14799 had extracted the
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Fig. 4. Soil water uptake pattern at different crop growth phase in various soil depths under drought stress in both the years 2009–10 and 2010–11.
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lowest at 90–105 cm soil depth. At this stage, majority of the
drought tolerant and adapted genotypes were below average in
soil water extraction (data not shown). At the same time, the
drought tolerant genotype ICC 283 extracted the highest soil
water (4.68mm) followed by the highly drought tolerant
genotype ICC 14778 (4.02mm) and the all the large rooting,
early maturing and drought sensitive genotypes were found to be
below average in soil water extraction at the 105–120 cm soil
depth (data not shown).
Genotypes varied signiﬁcantly for total CUSM, integrated
across growth stages, in both drought treatments. In 2009–10
under DS, the best adapted genotypes (ICCV 10 and Annigeri),
drought tolerant genotypes (ICC 867, ICC 14778, ICC 14799)
and the early duration small rooting genotype ICC 283 were
high in total CUSM and rest of the genotypes had utilised low
amount of soil water (Table 3). Also the same genotypes, except
ICC 867, exhibited high uptake of soil moisture in 2010–11 too.
In addition, the large root producing genotypes (ICC 4958 and
ICC 8261) were below average in total soil water utilisation
across years due to a shorter duration of ICC 4958 and a likely
poor soil water utilisation characteristic of a kabuli, ICC 8261
(Purushothaman et al. 2014). The total CUSM of the genotype
ICC 4958 remained to be above-average up to pod ﬁlling stage
(data not shown) but its early maturing nature of this genotype
lead this to use low amount of soil water. The difference in water
uptake between the highest and the lowest CUSM genotypes was
9.6mm in 2009–10 and 28.5mm in 2010–11 (Table 3). Under
OI the mean total CUSM was ~45% higher than that under the
DS and all the soil moisture utilisation of the drought tolerant
genotypes were high to above-average and the drought sensitive
genotypes (ICC 3776 and ICC 7184) were lower in total CUSM
across years with a very few exceptions.
Discussion
Adaptation to terminal drought
Recent studies on the importance of size of roots to grain yields
and the timingof soilwater utilisation formaximising grain yields
under terminal DS had drawn variable conclusions such as
positive (Sponchiado et al. 1989; White and Castillo 1992;
Eghball and Maranville 1993; Kramer and Boyer 1995; Lynch
1995, 2013; Pandey et al. 2000a, 2000b; Liao et al. 2004; Nord
andLynch2009;Puangbut et al. 2009;Lopes andReynolds2010;
Manschadi et al. 2010; Zhu et al. 2010; Franco et al. 2011; Kell
2011; Trachsel et al. 2011; Suji et al. 2012; Wasson et al. 2012,
2014; Comas et al. 2013; Jaramillo et al. 2013; Uga et al. 2013;
Table 4. Soil water uptake pattern of all genotypes at different crop growth phase in various soil depths under drought
stress in the year 2009–10
DAS, days after sowing
Genotypes/duration Crop utilised soil moisture
0–15 15–30 30–45 45–60 60–75 75–90 90–105 105–120
35 to 50 DAS
ICC 4958 5.00 4.20 3.99 3.93 5.97 3.49 0.331 –0.629
ICC 8261 5.18 4.75 4.16 4.35 4.48 2.05 –0.098 –0.571
ICC 867 4.83 5.81 4.01 4.47 3.90 1.49 –0.057 –0.257
ICC 3325 4.84 5.01 3.67 4.62 4.65 3.43 0.469 –1.22
ICC 14778 4.61 4.79 4.10 4.60 4.90 3.44 0.598 –0.829
ICC 14799 4.75 5.92 3.74 3.92 2.78 2.98 0.643 –0.381
ICC 1882 4.77 4.69 2.91 5.99 4.58 2.15 0.236 –0.471
ICC 283 4.26 4.95 5.40 4.01 4.82 3.15 0.393 –0.381
ICC 3776 4.91 4.55 3.93 4.82 3.75 2.13 0.467 –0.388
ICC 7184 4.77 4.73 4.75 5.93 4.61 2.20 –0.331 –1.19
Annigeri 4.99 4.80 4.40 6.06 3.89 2.85 0.760 –0.954
ICCV 10 4.85 5.81 4.28 5.46 4.80 2.00 0.026 –0.431
Mean 4.81 5.00 4.11 4.85 4.43 2.61 0.290 –0.640
s.e.d. (±) 0.550 0.603 0.838 0.935 0.801 0.817 0.486 0.708
51 to 80 DAS
ICC 4958 –3.43 2.98 8.18 9.67 7.55 8.77 7.62 1.46
ICC 8261 –2.95 2.45 8.65 11.3 10.1 9.57 7.37 2.82
ICC 867 –0.350 1.32 8.37 9.62 12.5 11.7 9.47 4.92
ICC 3325 –0.883 1.47 8.85 11.4 11.9 7.97 7.23 4.12
ICC 14778 –0.750 1.67 8.65 10.5 11.7 8.85 7.37 4.72
ICC 14799 –0.733 1.25 8.67 10.7 12.6 9.87 9.15 4.53
ICC 1882 –0.400 1.78 9.27 12.2 11.0 10.8 9.03 2.45
ICC 283 –1.43 1.83 9.40 11.5 11.9 10.6 9.43 3.76
ICC 3776 –0.683 2.57 9.13 9.82 13.3 10.7 7.77 3.10
ICC 7184 –0.500 1.90 9.32 9.58 12.1 9.17 7.47 1.93
Annigeri –1.28 1.85 8.40 9.38 11.2 10.3 8.45 4.83
ICCV 10 –0.950 1.63 8.53 10.3 11.9 11.1 9.53 5.62
Mean –1.20 1.89 8.78 10.5 11.5 9.95 8.32 3.69
s.e.d. (±) 0.411 0.440 0.784 0.638 0.859 0.949 0.747 0.988
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Table 5. Soil water uptake pattern of all the genotypes measured at different crop growth phase in various soil depths
under drought stress in the year 2010–11
Genotypes/duration Crop utilised soil moisture
0–15 15–30 30–45 45–60 60–75 75–90 90–105 105–120
35 to 45 DAS
ICC 4958 2.85 6.38 4.23 4.73 2.64 1.52 1.18 1.11
ICC 8261 2.20 6.68 4.30 4.40 3.30 –0.344 0.032 0.788
ICC 867 3.27 6.50 4.60 1.96 0.853 1.15 1.06 1.41
ICC 3325 4.09 6.06 5.28 0.466 –0.107 –0.259 0.306 0.631
ICC 14778 2.47 6.49 3.43 1.93 0.917 0.034 1.09 0.709
ICC 14799 4.08 7.04 3.59 1.53 0.338 1.99 0.320 0.628
ICC 1882 2.65 6.41 3.42 2.39 1.98 1.11 0.761 0.879
ICC 283 2.55 3.66 2.56 1.33 2.77 0.793 1.32 0.424
ICC 3776 2.85 4.87 3.67 1.40 1.96 1.54 1.18 0.890
ICC 7184 4.17 4.15 1.51 0.046 0.486 0.019 0.422 1.39
Annigeri 2.60 5.28 1.95 1.35 1.50 0.604 0.499 0.429
ICCV 10 4.25 6.47 3.78 3.02 1.30 –1.52 –0.499 0.925
Mean 3.17 5.83 3.53 2.04 1.50 0.550 0.640 0.850
s.e.d. (±) 1.20 1.91 1.29 1.21 1.33 1.26 0.732 0.627
46 to 55 DAS
ICC 4958 –0.111 0.690 2.16 1.89 3.07 3.54 3.77 4.17
ICC 8261 –0.175 1.09 2.47 3.66 1.42 2.97 0.929 0.329
ICC 867 0.185 2.08 3.48 2.79 2.07 3.12 2.17 –0.224
ICC 3325 0.084 3.64 2.37 1.66 1.54 1.72 1.33 0.334
ICC 14778 0.273 3.23 5.27 2.89 2.15 1.23 0.510 –0.209
ICC 14799 0.554 2.15 2.93 3.69 6.14 1.76 4.55 –0.738
ICC 1882 –0.027 2.04 5.31 3.98 3.36 2.02 2.01 1.95
ICC 283 0.053 4.72 5.56 5.89 3.07 2.66 1.32 1.72
ICC 3776 0.706 2.10 4.77 2.87 2.21 0.164 –2.03 –0.773
ICC 7184 0.629 2.89 4.42 2.98 0.291 1.30 0.851 0.560
Annigeri 0.223 2.90 3.43 5.77 4.94 3.92 2.04 0.988
ICCV 10 0.071 3.45 4.30 1.78 1.01 1.69 –0.227 1.38
Mean 0.210 2.58 3.87 3.32 2.61 2.17 1.44 0.790
s.e.d. (±) 0.318 1.04 1.39 1.71 1.26 1.61 1.54 1.12
56 to 65 DAS
ICC 4958 –0.039 0.079 –0.693 0.056 0.382 1.57 2.64 2.84
ICC 8261 0.202 0.677 1.23 2.93 5.75 4.31 4.38 2.16
ICC 867 0.057 0.767 0.130 1.24 5.18 2.79 3.75 3.81
ICC 3325 –0.086 –1.04 1.52 4.02 7.13 6.39 3.31 2.72
ICC 14778 0.135 0.261 2.23 6.70 8.70 2.99 0.501 –1.00
ICC 14799 0.000 0.145 2.11 4.73 4.54 4.24 0.142 3.87
ICC 1882 –0.134 0.619 1.38 4.88 5.40 4.10 1.55 2.03
ICC 283 0.163 1.36 1.83 5.37 5.35 2.62 1.76 0.249
ICC 3776 0.126 0.033 0.657 3.12 3.07 2.59 3.23 3.40
ICC 7184 0.210 1.00 2.12 5.10 3.77 0.954 0.285 1.01
Annigeri –0.684 0.050 0.877 3.23 4.86 3.55 2.89 2.07
ICCV 10 0.000 1.32 3.98 7.18 8.95 5.25 4.93 2.60
Mean 0.000 0.440 1.45 4.05 5.26 3.45 2.45 2.15
s.e.d. (±) 0.202 1.25 1.00 1.15 1.77 1.93 1.64 1.66
66 to 75 DAS
ICC 4958 0.265 2.10 1.16 0.649 3.83 3.12 2.71 2.65
ICC 8261 –0.178 –0.275 –0.158 0.106 1.70 2.96 2.10 0.798
ICC 867 –0.259 0.214 1.68 3.51 5.10 0.261 0.582 3.29
ICC 3325 0.103 0.499 0.316 1.57 1.82 2.30 2.44 3.26
ICC 14778 0.010 –0.209 –0.263 –0.155 2.74 8.14 6.38 3.12
ICC 14799 0.000 1.34 0.685 –0.474 0.788 0.99 3.06 4.19
ICC 1882 0.138 0.359 1.53 1.04 2.37 4.81 3.43 2.47
ICC 283 0.000 –0.152 0.631 0.002 3.68 4.45 4.59 4.14
ICC 3776 0.111 0.000 0.355 0.093 1.63 2.92 3.65 1.50
ICC 7184 –0.006 3.50 3.54 1.89 5.52 5.02 1.63 1.64
(continued next page)
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Fenta et al. 2014; Chimungu et al. 2014a, 2014b; Lynch et al.
2014; Bishopp and Lynch 2015) and negative or null (Ritchie
1981; Dardanelli et al. 2004; CIAT 2007, 2008; Beebe et al.
2009; Itoh et al. 2009; Ma et al. 2010; Manavalan et al. 2011;
Ratnakumar et al. 2009; Zaman-Allah et al. 2011; Kumar et al.
2012; Schoppach et al. 2014; Vadez et al. 2012) association
between the large root system and grain yield. The roots’ direct
contribution of chickpea to shoot biomass productivity and
grain yield formation had been elaborately described in a
previous paper of this work (Purushothaman et al. 2016). In
order to develop a comprehensive understanding of the dynamic
relations between the root system and soil water uptake, this
work focussed on the water uptake across the whole growth
period both under DS and OI environments. This work also
targeted the genotypic variation in root growth and soil water
utilisation of chickpea and related it to the drought tolerance
ability.
The choice of genotypes for this study had been selective,
with the aim to include all the genotypic variation known for
drought reactions and drought related traits. These comprise
four known grain yield-based drought tolerant genotypes
(Krishnamurthy et al. 2010), two strong, early root growth-
based drought tolerant genotypes (Kashiwagi et al. 2005), two
local adaptation-based drought tolerant genotypes (Ali et al.
2002), two weak, early root growth-based drought tolerant
genotypes (Kashiwagi et al. 2005) and two grain yield-based
drought sensitive genotypes (Krishnamurthy et al. 2010).
Purushothaman et al. (unpubl. data) presented the results from
this study that had clearly demonstrated the roots to undergo large
morphological and structural changes to ensure desirable
distribution when adapting to terminal drought as described in
wheat previously (Sharp and Davies 1985). These changes were
(i) early reduction or check in root proliﬁcacy in surface soilsmost
likely due to the early death of ultimate branches, (ii) greater
proliﬁcacy of roots in soil depths below 30 cm, and to a much
greater extent below 75 cm, thereby increasing the proportion of
deeper soil roots (Laﬁtte et al. 2001; Mishra et al. 2001; Comas
et al. 2005; Benjamin and Nielsen 2006; Guswa 2008; Henry
et al. 2011), (iii) reduction in overall root biomass (Robertson
et al. 1980; Sánchez-Blanco et al. 2002; dos Santos et al.
2007; Navarro et al. 2009; Álvarez et al. 2009, 2011, 2012),
(iv) reduction in root thickness, thereby increase in root length
within the available root biomass, and to explore more volume
of soil (Bañon et al. 2003; Koike et al. 2003; Kulkarni and
Deshpande 2007; Chylinski et al. 2007; Franco et al. 2008; De
Sousa and Lima 2010; Álvarez et al. 2011; Wasson et al. 2012;
Bandyopadhyay 2014) and (v) early senescence of root system
matching the shoot system senescence with no relevance to soil
water availability. Similar pattern of RLD distribution was also
observed in several legumes and cereal species such as ﬁeld
pea, rice, canola, cowpea, sunﬂower and sorghum (Liu et al.
2011; Gowda et al. 2012; Cutforth et al. 2013; Moroke et al.
2005).
Largely, roots are theﬁrst organ toperceive and respond toDS,
before other plant organs, and communicate this information to
the shoot (Konings and Jackson 1979; Bano et al. 1993; Ritchie
1981; Sauter et al. 2001; Chaves et al. 2003; Trachsel et al. 2010;
Fenta et al. 2014). Numerous other studies have shown that
plant roots can sense changes in abiotic factors such as water
content (Davies et al. 2002;Wilkinson andDavies 2002), oxygen
content (Drew et al. 1990) and the nutrient composition
(Schachtman and Shin 2007) of the soil. The soil water
withdrawal patterns found to differ signiﬁcantly across different
soil moisture environments and variation would be highly
genotype-dependent as it differs across soil depths due to its
variability in root distribution (Sponchiado et al. 1980; Benjamin
and Nielsen 2006; Wang et al. 2012; Cutforth et al. 2013). In
this study, soil water withdrawal had been greater under OI
compared with DS. The mean total soil water uptake was
about one-fold higher under OI (239mm in 2009–10; 204mm
in2010–11) comparedwith theDS (126mmin2009–10; 112mm
in 2010–11). Despite these differences between DS and OI
treatments in soil water use, the difference in soil moisture left
unused at the soil proﬁle at crop maturity between drought
treatments had remained negligible (2009–10: OI = 48mm and
NI = 45.5 mm; 2010–11: OI = 90mm and NI = 95mm) in both
the years.These results demonstrated that theplants are capable of
utilising maximum amount of soil water at both DS and OI by
leaving the same amount of soil moisture at the soil proﬁle at the
end of the crop cycle. Therefore, the changes in the amount of soil
water uptake as seen between DS and OI would likely depend on
the plant adaptive functions such as leaf area development or
biomass partitioning (Hammer et al. 2009; Borrell et al. 2014),
length of the growing period (Krishnamurthy et al. 2013;
Purushothaman et al. 2014), energy cost for the uptake and the
soil water availability. The crop itself displays homeostasis in
response to DS and one such adaptive adjustment had been
evident by the reduction in growing time, particularly the
reproductive phase, in chickpea (Krishnamurthy et al. 2013).
Under DS, at any speciﬁc growth stage, some speciﬁc soil
depth(s) facilitated maximum water uptake and this soil zone
was found to descend constantly across growing duration (Yu
et al. 2007; Wang et al. 2012; Cutforth et al. 2013; Kashiwagi
et al. 2015). When the integrated water uptake at the last
sampling was considered, the maximum soil water uptake
under DS was from 45–60 cm soil depth while under OI it
was either 0–30 cm as seen in theﬁrst year or from30 to 45 cm as
in second year. In summary, when water is not limited plants
Table 5. (continued )
Genotypes/duration Crop utilised soil moisture
0–15 15–30 30–45 45–60 60–75 75–90 90–105 105–120
Annigeri 0.821 0.145 0.975 0.904 1.84 4.09 3.04 3.13
ICCV 10 0.000 –0.138 –0.036 0.447 1.91 5.52 5.02 4.78
Mean 0.080 0.620 0.870 0.800 2.74 3.72 3.22 2.91
s.e.d. (±) 0.257 0.917 0.992 1.35 1.41 1.91 2.05 1.94
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prefer to utilise water more from surface soil layers (Ludlow and
Muchow1990). Plants are forced tomine deeper soil layers only
whenwater is limited (Serraj et al. 2004; Pinheiro et al. 2005;Yu
et al. 2007; Manschadi et al. 2010; Hammer et al. 2009, 2010;
Wasson et al. 2012; Comas et al. 2013; Krishnamurthy et al.
2013; Lynch 2013; Steele et al. 2013). For example, in
modelling exercises of soil water utilisation the root system
had been considered to extract 40% of the total transpiration
from the top quarter of root zone, even if the top layer is
desiccated by evapotranspiration (Molz and Remson 1970)
that was also conﬁrmed to occur in chickpea (Krishnamurthy
et al. 1999, 2010, 2013; Serraj et al. 2004; Kashiwagi et al.
2015).
Also the highest quantum of water any single soil depth can
offer under DS, had come from 45–60 cm soil depth but from
30–45 cm soil depth or above, when irrigated. However, this
should not undermine the critical nature of thewater fromdeepest
soil layers. At the last stages of crop growth (75–90 days after
sowing) under DS, the four most successful genotypes (the
drought tolerant ICC 867 and ICC 14799 and the best adapted
Annigeri and ICCV 10) had used above average quantities from
90–120 cm soil depth and that had maximised the total water use
from this soil zone. This had been the stage when the ultimate
grain ﬁlling had been happening and the 90–120 cm soil depth
remained as the most active water mining zone supporting the
ﬁnal stages of biomass partitioning to grains (Krishnamurthy
et al. 2013; Wasson et al. 2012). Therefore, if the overall soil
water use had to be maximised, its use has to be at a maximum
in all soil layers. However, the root system ﬁnds different
constraints across various soil depths such as competition from
evaporation largely on the surface soil layers, soil compaction-
lead higher soil resistance and poor soil aeration as the soil
depths increased. The surface soil layer 15–30 cm had all the
advantages such as early access by roots and better soil aeration
but prone to evaporation. Therefore early use of this soil water
not only enhanced the total water use but also strengthened the
roots for further proliﬁcacy in depth and density (Johansen
et al. 1997; Kashiwagi et al. 2006, 2015; Purushothaman R,
Krishnamurthy L, Upadhyaya HD, Vadez V, Varshney R -
Unpubl. data).
Genetic variation for root system
Large genetic variation for root system proliﬁcacy had been
observed that can be visualised in to four types. The ﬁrst type
displayed early growthvigour as that of ICC4958and ICC8261,
second type displayed normal root growth in the vegetative
stage and a greater growth at reproductive stage, third type poor
root growth in the vegetative stage but a greater growth at
reproductive stage and the fourth type poor growth across
growth stages. The second and third type of root growth also
had greater deep soil root proliferation or simply deep rooted.
The ﬁrst type of root growth was seen in ICC 4958 that escaped
intense drought period (ICRISAT 1992; Saxena et al. 1993;
Kashiwagi et al. 2006), with an enhanced CUSM in all the early
growth stages (except at the ﬁnal stage) that reﬂected in high
levels of partitioning (Krishnamurthy et al. 2013). However,
this early growth vigour did not help ICC 8261 as it grew longer
and the partitioning into grains had been affected (Berger et al.
2011; Purushothaman et al. 2014). All the drought tolerant and
locally adapted genotypes fell in to the categories that
promoted greater root growth at least in one stage for both.
However, the drought sensitive genotypes had the poor root
growth across growth stages. The deeper soil root allocation (or
greater rooting depth) was also another trait that was found to be
associated with the drought tolerance here (R. Purushothaman,
L. Krishnamurthy, H. D. Upadhyaya, V. Vadez and R. Varshney,
unpubl. data).
The genotypic variation in CUSM was a close reﬂection of
the variation observed for root length density. At the late
vegetative stage (during 35–45 DAS in 2010–11), though the
maximum rooting depth was up to 75 cm, the soil water uptake
tend to be the maximum at the 15–30 cm soil depth. This was
also generally the case in 2009–10.At this soil depth ICC14799,
ICC 867 and ICCV 10 were superior in CUSM. Clearly the
CUSM of all the drought tolerant and the well adapted
genotypes were above average in soil water uptake at the soil
depth 15–30 cm and the drought tolerant genotype ICC 14799
was found to take up the maximumwater, 7.04mm. Roots from
this zone and the efﬁciency soil water exploitation of this zone
was found to be most critical as success in later plant growth
depended on greater use of water from this zone (Kashiwagi
et al. 2006, 2015). With the drought intensity increasing, the
genotypic variation in drought yield depended more on water
uptake from this layer. TheCUSMof the small rooting (ICC 283
and ICC 1882) and the drought sensitive (ICC 7184 and ICC
3776) genotypes were poor at this stage and soil depth. Similar
pattern of variation was also seen in the subsequent soil depth
30–45 cm. At this growth stage, ICC 4958 and ICC 8261 had
been superior in soilwater extraction across all the soil depths up
to 75 cm.
At majority of early part of the reproductive growth stages
(51–80DAS in 2009–10 and 55–75DAS in 2010–11) once again
all the drought tolerant and locally adapted genotypes except ICC
14778 maintained an above average CUSM. Genotype ICC
14778 was a little late in maximising its water uptake;
nevertheless, it managed a high CUSM at later stages beyond
75DASmaking it as a special genotype. TheCUSMof genotypes
ICC 4958 and ICC 8261 at these stages were average or below
averageas ICC4958was relatively advanced in its developmental
stage and ICC 8261 was not utilising the soil water as effectively
as that of other desi genotypes. The CUSM of the small rooting
genotype ICC 1882 was maximum (12.15mm) at the 45–60 cm
soil but this superiority was not maintained further in the deeper
soil layers. When the soil water uptake from the penultimate soil
layers alone (90–120 cm) was considered, the drought tolerant
ICC 867 and ICC 14799 and the best adaptedAnnigeri and ICCV
10 had used above average quantities and, the drought sensitive
genotype ICC 7184 and the large rooting drought tolerant
genotype ICC 4958 had used below average quantities of soil
water.Also theCUSMfrom the penultimate soil depths displayed
the highest range of variation among genotypes across growth
stages, drought treatments and years indicating that these are the
sites of origin for the genetic variation in soil water uptake. The
trialmean ofCUSMwas the highest at the surface soil layers at 35
DAS, and with the increase in crop growth stage, it was found to
be the highest at the soil depth 45–60 cm during the reproductive
stage.
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The results hadconclusively revealed that drought toleranceor
greater local adaptation can be explained in terms of the ability to
maximise the crop utilised soil water within the available season.
Though Annigeri, as a long standing variety for the peninsular
India, and ICCV 10, as a wider adapted variety from South to
Central India (Gowda et al. 1995), are known to be the best
contenders for this region, nothing had been known about their
water uptake ability andwhy it had taken so long tobreedalternate
varieties such as JG 11 suitable for replacement in this region.
However, if variations in soil type, soil depth, proﬁles of water
holding and the vapour pressure deﬁcits are encountered, changes
in soil water uptake and genotypic reactions to terminal DS can
vary. Also, the timing of this water utilisation or efﬁcient use of
water across all the depths had also been important to maximise
the crop utilised water. However, there are genotypes such as
ICC 14778 and ICC 283 with a very late superiority in soil water
uptake tend to produce much better grain yields by virtue of
possessing other drought adaptive measures such as highest rate
of partitioning into grains and the best shoot water status as
indicated by the canopy temperature depressions at the ﬁnal
stages crop growth (Kashiwagi et al. 2008; Purushothaman
et al. 2015).
The sowing time total proﬁle available soil water, together
with an on-season rainfall of 83 and 13mm, accounted to 299 and
219mmin theseﬁelds during2009–10and2010–11 seasons.The
water that remained unutilised particularly from 75 to 120 cm soil
depths had been 90.0mm and 95.5mm (data not shown), but
the maximum CUSM as seen under DS in ICCV 10 is 131mm
in 2009–10 and 126mm in 2010–11 accounting for 83.0mm in
2009–10 and 11.5mm in 2010–11 towards soil evaporation.
Occurrence of water loss in these experimental locations
through evaporation had been found to be 25% (Kanwar et al.
1982). It seems likely that maximising transpiration over
evaporation is a possibility and a ﬁne-tuning the match of the
soil water environment with that of the growth duration can
increase the yield stability and drought tolerance. Again the
soil water up to a depth 75 cm was completely used leaving
part of the water from the lower depths unexploited. It took
~40 days to completely utilise all the water from the 60–75 soil
zone (Fig. 4c–g). The root system also descended to the
soil depths of 75–120 cm after 45 days of growth. Therefore it
is likely that the roots of these soil zones did not have enough
time to exploit the water fully and thus it is likely that this
water cannot be utilised properly. Any efforts to utilise this
soil water might improve the partitioning process to the grain
yield (Krishnamurthy et al. 2010).
It is logical to believe that the quantum of water absorbed is
directly proportional to the root proliﬁcacy provided no other
limitations such as soil water content operate. This study had
clearly provided evidence that the RLDhad a positive association
with the soil water uptake and this relation had been linear. This
linearity of relationship alsoprovides conclusive evidence that the
root production in chickpea is critically suboptimal.
Conclusions
Drought tolerance reactions and adaptation to DS mainly
depended on the soil water utilisation efﬁciency of genotypes
though these utilisation differences are marginal. Drought
sensitivity can be explained by poor root growth and poor soil
water utilisation alone but drought tolerance can be variable with
variations in exploitation of moisture in various soil depths and
growth stages. The ability to utilise soil water from surface soils
and particularly from 15 to 30 cm soil depth is critical as it
provides the priming effect for further root growth. Competent
use of soil water from 90 to 120 cm soil depth had always
been seen in the best adapted and drought tolerant genotypes
most likely explaining the biomass partitioning success to ﬁlling
grains. The amount of water left unused remained constant
across all the genotypes and this explained that the water if not
used will evaporate and the freshly descended roots did not have
enough time to exploit the availablewater andalso the root growth
dynamics will require similar left overs.
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